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This diploma thesis’ aim is an investigation of light elements (i.e. carbon, sulphur and
phosphorus) in ferrous alloys using Laser-Induced Breakdown Spectroscopy (LIBS). The
primary goal is both the development and implementation of the new module enabling an
analysis of vacuum ultraviolet (VUV) radiation which is necessary for the steel analysis
and also more applications of LIBS.
The first part surveys the state-of-the-art approaches of optical emission spectroscopy
(OES), as well as the overview of traditional techniques used for steel analyse. The
theory concerning the absorption of VUV by the air and optical glasses has been also
investigated in order to get the essential theoretical background for the development of
the module.
The experimental module was carried out prior to the final design in order to test the
concept of the VUV analysis by LIBS. On the basis of this testing, the final design
was proposed based on the unique wedge mechanism. The prototype was made up in
cooperation with an external manufacturer and then the performances of the module
were demonstrated by measurements of five certified steel standards. The experiments
determined the limit of detection for carbon as 0.028 wt.%. Nevertheless, neither sulphur
nor phosphorus were detected in any of studied sample.
This thesis establishes the essential know-how for further investigation of the VUV-LIBS
analysis in the Laboratory of laser spectroscopy in Brno.
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ABSTRAKT
Tato diplomová práce je zaměřena na analýzu lehkých prvků (tj. uhlík, sýra a fosfor)
v železných slitinách pomocí metody laserem indukovaného plazmatu (LIBS). Hlavním
cílem je vyvinout a implementovat nový modul, který bude umožňovat analýzu v hluboké
ultrafialové oblasti (VUV), což je nezbytné jak pro stanovení chemického složení lehkých
prvků v ocelích tak pro mnoho dalších aplikací metody LIBS.
V první části je vytvořen přehled moderních přístupů optické emisní spektroskopie (OES)
a rovněž jsou shrnuty tradiční techniky používané v metalurgii pro analýzu ocelí. Teorie
absorpce ultrafialového záření vzduchem a optickými skly byla důkladně studována a
shrnuta k získání potřebného teoretického základu k vývoji modulu.
Před návrhem finální verze modulu byl navržen experimentální modul s cílem otestovat
navržený koncept analýzy ve VUV oblasti metodou LIBS. Na základě testování byla na-
vrhnuta finální verze založená na unikátním klínovém mechanismu. Funkční vzorek byl
vyroben ve spolupráci s extérním výrobcem a vlastnosti modulu byly následně demon-
strovány naměřením pěti certifikovaných ocelových standardů. Experiment určil limity
detekce pro uhlík jako 0.028 hm.%. Nicméně, síra ani fosfor nebyly detekovány v žád-
ném ze vzorků.
Tato práce vytvořila modul nezbytný pro budoucí zkoumání metody LIBS v oblasti VUV
v Laboratoři laserové spektroskopie v Brně.
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Introduction
An analysis of the light elements in the iron alloys has been challenging in secondary
metallurgy for a very long time and still researchers are trying to find a modern
technique which would be able to overcome the main drawbacks of the current
methods.
Metallurgists are greatly interested in the light elements including carbon, phos-
phorus, sulfur and hydrogen. Carbon is the most crucial element in the ferrous
alloys because it forms a crystallographic structure of iron and thus significantly
influences the mechanical properties of steel [1]. Phosphorus, sulfur, and hydrogen
are impurities that negatively affect the properties of steel. As far as we know, the
only exception is a use of sulfur in the foundry industry which positively influences
the wettability of cast iron during casting. These impurities should be carefully
monitored in the order of µg/g because even a trace concentration of P and S can
play a major role in the embrittlement of steel during tempering . A trace concen-
tration of As and Sb has the same effect [2]. This phenomenon is called temper
embrittlement or tempered martensite embrittlement.
An analysis of light elements in the iron alloys is very challenging. For instance,
the well-known spectroscopic method X-ray fluorescence (XRF) has a great difficulty
detecting any element with a proton number under 22 (titanium). Therefore XRF
is not appropriate for the C, P, S, etc. analysis. Spark Discharge Optical Emission
Spectrometry (SP-OES) and absorption spectroscopy of analytes in flames are the
only convenient methods in secondary metallurgy so far. They achieve the limits of
detection under one µg/g for almost every element but they also have drawbacks
including demanding sample preparation and time-consuming analysis.
Laser Induced Breakdown Spectroscopy (LIBS) is an atomic emission spec-
troscopy based on the detection of plasma radiation excited by laser ablation [3,
4, 5]. This method’s performance is comparable to other techniques as for the anal-
ysis of light elements in steel. The limit of detection (LOD) of C, P, and S under
the range of ten µg/g was achieved for the first time by V. Sturm at 2000 [6]. M.
Hemmerlin compared LIBS with SD-OES in his work from 2001 [7] and he obtained
comparable LOD for C, P, and S. Furthermore, LIBS technique’s unique capabilities
are following: a remote analysis, no sample preparation, analysis of the solid as well
as liquid state, simple setup, etc. Noll [8] estimated that LIBS is two times faster
than some conventional techniques which can significantly reduce the price of the
steelmaking process. Therefore, LIBS is the promising alternative in the steelmaking
process regarding a lower cost and a faster analysis.
However, the majority of ordinary LIBS devices that are able to analyze UV-
VIS-NIR spectral range are not capable of monitoring the light elements in steel
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because none emission can be detected in this range of wavelength. The reasons for
that are going to be discussed in chapter 5.1. Thus, most of researchers investigated
steels in the Vacuum Ultraviolet (VUV) spectral range (i.e. below 200 nm) which
requires a special instrumentation due to the absorption of VUV radiation by air as
well as optical glasses [6, 7, 9, 10].
Devices available in the Laboratory of laser spectroscopy in Brno are capable of
doing a comprehensive LIBS analysis including the high resolution and fast chemical
mapping, multi-pulse techniques and so on. Nevertheless, the main experimental
setup is limited to the spectral range of UV-VIS-NIR and hence the light elements
in steel cannot be investigated. The primary goal of this thesis is to develop, test
and implement a module that enhances the detectable range up to wavelengths
below 200 nm. The module shall be compatible with a standard mounting and with
the modular system of devices in the laboratory, particularly with the interaction
chamber. A comprehensive research concerning the steel analysis in VUV shall be
outlined prior to the development of the new module. The performances of the
module will be demonstrated on measurements of several steel samples and LOD
for carbon will be determined.
Even though the analysis in VUV regards mainly the determination of light
elements in steel, some applications of LIBS in VUV has also been found in phar-
maceutical industry [11], in the detection of trace elements in polymers [12] or even
in the human exploration of Mars [13]. Therefore the development and implemen-
tation of the VUV module will open up some new possibilities of analysis for the
research group of laser spectroscopy in Brno.
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1 State of the art
1.1 Traditional techniques of the steel analysis
Iron and ferrous alloys used to be analysed mainly by colorimetry and by other
"wet chemical" techniques, which requires difficult chemical procedures including
dissolution of the steel sample and consequently separation of the analyte by precip-
itation. These techniques achieve high sensitivity and accuracy but obviously, they
are time-consuming and they require well-equipped chemical laboratory for such
complex chemical procedures. [14]
Therefore, most of the techniques currently used in the metallurgy are based on a
spectroscopic device that is calibrated by steel standards with well-defined chemical
composition. Optical emission spectroscopy (OES) as well as optical absorption
spectroscopy (OAS) plays important role in steel industry. OAS is usually associated
with the combustion of dissolution of the analyte. In metallurgy, the atoms included
in the sample are investigated rather than chemical bonds so that the techniques
are also referred as Atomic Absorption/Emission Spectroscopy (AAS/AES 1 ). So,
when we need the light to interact with the sample’s atoms, the raw material of
the sample must be atomized by heat in form of either arc, spark, flame or plasma.
Each excitation source has its particular advantages as well as disadvantages, which
we are going to briefly outline in the next sections.
The technique of combustion of the analyte in a flame is one of the most sensitive
and precise methods enabling analysis of trace concentrations of light elements in
steel. The combustion of the sample in a stream of oxygen yields CO2 as well as
SO2 produced in the flame. These gases are typically measured by the infrared
absorption spectroscopy in order to quantitatively reveal the C and S concentration
in a steel sample. This technique is used for instance in the verification of finished
product analyses. On the contrary, it is rather not the appropriate technique in the
process control.
The leader among the rapid techniques for process control in steel industry re-
mains the optical emission spectroscopy, especially the Spark-Discharge OES (SD-
OES) has been very popular technique. Particularly, this is evident from the range of
the commercial devices that are proposed for the steel process control by the leading
manufacturers of the spectroscopic devices such as Thermo Fisher or Bruker. These
devices achieve LOD less than 10 µg/g [15] for almost every element needed to be
analysed in steel, which ought to be sufficient in steel process control. The sample
preparation comprises only the milling and polishing of the sample’s surface. This
1The term AES for Atomic Emission Spectroscopy is not widely used because the abbreviation
AES is rather known for Auger Electron Spectroscopy.
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is the advantage in comparison with other techniques of OES, although there is also
a technique with much easier sample preparation procedure such as LIBS discussed
in chapter 1.2.3. A disadvantage of the SD-OES is that the inhomogeneity of the
solid-state sample can affect accuracy and reliability of the analysis. Therefore,
the devices analysing homogeneous dissolution of the analyte such as Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) achieve better results
in terms of figure of merit. On the other hand, they are time-consuming and more
expensive.
1.2 Optical Emission Spectroscopy
Optical Emission Spectroscopy (OES) is a broad group of techniques investigating
the chemical composition of a sample by the interaction of the light with the mat-
ter. The techniques among the OES are based on a certain source exciting atoms,
ions or molecules of a sample, which produces visible or invisible radiation. This
radiation is then dispersed into a spectrum by the spectrometer and such a distri-
bution of wavelengths is analysed in order to qualitatively or quantitatively reveal
the chemical or structural composition of the sample. This chapter aims to examine
basic principles of the optical systems of OES. Particular attention will be paid to
a technique using laser ablation known as Laser-induced Breakdown Spectroscopy
(LIBS).
1.2.1 Spectrometers
A spectrometer is a device dispersing the light into its spectrum that provides an
information about the intensity of wavelengths. The elder spectrometers used prisms
as a dispersive element but they became obsolete once the diffraction grating was
invented. One can imagine the diffraction grating as a slit interferometer with a
large number of slits; usually with tens of thousands. In the centre of the grating’s
symmetry, where all wavelengths interfere constructively, appears a bright line called
zero-order. In other orders, each wavelength interferes in slightly different angle,
which can be measured. A diffraction grating can be designed either as a reflective
or transmissive [16].
The main reason, why the diffraction gratings are more popular than prisms in
spectrometry, is their huge flexibility in terms of its resolving power, deviation angle
or range of wavelength 𝜆 that is reflected (or transmitted). These properties can
be easily determined by a proper combination of number of illuminated grooves 𝑁 ,
a diffraction order 𝑚 and a substrate of the grating. The resolving power 𝜆d𝜆 of a
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diffraction grating is given by
𝜆
d𝜆 = 𝑚𝑁. (1.1)
In the other hand, properties of a prism are determined by its glass and geometry,
which quite limits the flexibility of the design. Assuming a prism, from which the













is the slope of dispersion relation of
the glass.
It is plain to see from equations (1.1) and (1.2) that the resolving power of
prisms depends on a wavelength (shorter wavelength gives higher resolving power)
because the dispersion relation depends on wavelength as well. This is the further
advantage of gratings because their resolving power is independent of wavelengths.
Furthermore, the gratings attain much greater resolution and better throughput for
ultraviolet than prisms. The only drawback of diffraction gratings against prisms
was their susceptibility to ghosts in the spectrum that are caused by periodic errors
in the ruled grating pattern [17]. Nevertheless, this drawback has been overcome by
holographic gratings that are free of periodic errors.
It is important to notice that the resolving power determined by equations (1.1)
and (1.2) does not indicate very much about a resolving power of the spectrometer
as a comprehensive device because the resolving power is affected also by the focal
distance of the spectrometer 𝑓 , by optical aberrations of the optical system, by the
width of entrance slit 𝑤𝑖𝑛 and by width of the pixel in detector 𝑤𝑜𝑢𝑡. Evaluation
of resolving power combining all these parameters is the difficult task and it is not
possible to express the theory in a single fundamental equation. One of the theory
says, that the resolution power is determined as a Full Width At Half Maximum
(FWHM) of the instrumental profile, which can be calculated as the convolution of
the individual contribution from the images of the entrance slit, exit slit and the
dispersion profile of the grating. [18]
Moreover, the resolving power is certainly not the only important parameter of
spectrometers. Another important parameter indicating the power of the spectrom-
eter is 𝑓/number (also called focal ratio or speed) that determines the throughput
2Deviation angle is the angle between the incident ray and the refracted ray, which leaves the
prism.
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where 𝑊 is the width of the grating. [16]
There are many types of spectrometers based on different principles. Basically,
they can be divided into two main categories, Dispersive and Fourier-transform spec-
trometers. The dispersive spectrometers rely on a diffraction grating that disperses
the light into various directions that are focused on a detector. The most popular
spectrometers in OES of this kind include Czerny-Turner, Echelle, and Paschen-
Runge. Fourier-transform spectrometers use different principles and they are based
on certain type of an interferometer. They detect a superposition of two branches
of light that interfere each other and convert this information into the frequency do-
main by Fourier transformation. There are two main representatives called simply


















































Fig. 1.1: Scheme of Czerny-Turner spectrometer. Traditional form of this spectrom-
eter using reflective diffraction grating is in the left portion of this figure. Alternative
form using transmissive grating is in the right portion of this figure.
Czerny-Turner is one of the simplest forms of a spectrometer. The left portion of
Fig. 1.1 shows a traditional configuration of this spectrometer, which uses reflective
diffraction grating as the dispersive element. A necessary part of the Czerny-Turner
is collimating optics comprised two concave mirrors. The first one, placed in front
of the grating, collimate the light passing through the entrance slit onto the grating
and the second one focuses the dispersed light either onto a detector or, in case of
a monochromator, onto an exit slit. The grating is usually mounted on a motorized
turret that allows the shift of the spectral range by rotating with the grating. In
3In this case, the throughput stands for the relative intensity of the overall amount of light that
is able to get through the spectrometer.
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comparison with other dispersive spectrometers, Czerny-Turner has low 𝑓/number
(high throughput) but the spectral range is usually narrow for high resolution.
The right portion of Fig. 1.1 depicts spectrometer using transmissive diffraction
grating. This is not properly Czerny-Turner. However, it uses the same principles
as the classical Czerny-Turner, although the configuration looks different. This










Fig. 1.2: Scheme of paschen-runge spectrometer.
Paschen-Runge is the most popular spectrometer with concave diffraction grating
(see Fig. 1.2). The entrance slit, as well as exit slits, are placed on the circle
called Rowland circle with radius 𝑅. The concave grating with a radius of 2𝑅 is
tangential to the Rowland circle. This geometry ensures that the pencil of light from
the entrance slit is focused by the concave shape of the grating onto the Rowland
circle. Naturally, the zero order, containing full spectrum, is reflected in the angle
of the geometrical reflection and focused on the certain position on the circle, which
can be used as a virtual entrance slit by placing a flat mirror in this position.
Other wavelengths of non-zero order are focused on different positions where they
are selected by exit slits and detected usually by Photomultiplier tube (PMT) or
photodiode. Therefore, the spectrum is not detected simultaneously but only by
separated channels. Thus, Paschen-Runge is also called polychromator. This is the
drawback of this spectrometer because the number of channels is limited. On the
other hand, these separated channels are also advantageous because the channels
have high sensitivity. Moreover, they are independent each other, meaning each
channel can be set up individually in terms of sensitivity and gate delay.
A further significant advantage is an absence of any optical components except
the concave grating. This feature makes Paschen-Runge the best spectrometer for
a detection of Vacuum Ultraviolet because the grating can reflect wavelengths even
under 100 nm.
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On the contrary, a drawback of this spectrometer is its size. Usually, the fo-
cal length is around 𝑓 = 250 mm in order to achieve sufficient resolution. The
photomultipliers are also relatively expensive in comparison with ICCD or sCMOS.
Echelle Spectrometer
Equation (1.1) shows that the resolution of the grating can be gained if the number
of groves or the diffraction order rises. To increase the number of groves is not the
best solution because there is a limitation on the size of the grating. Diffraction
order in common gratings should not be higher than two because higher orders
have lower intensity due to diffraction on its tiny slits that modulates the resultant
intensity of the spectrum. Moreover, high orders often do not exist because the
grating equation does not have a solution for all orders. 4
The grating providing hight diffraction orders, sometimes beyond 𝑚 = 100, was
suggested by Harrison in 1949 [19] in form of Echelles. This Low period reflective
grating (usually from 30 to 300 grooves/mm) is tilted almost in Littrow condition
5 . Thus the diffraction order is increased due to the differences in the optical path
between the pencils of light reflected by the particular grooves. On the other hand,
all orders are significantly overlapped each other and thus have to be separated by
further dispersive element, like grating or prism, placed either in front of or past the
echelle grating. This element disperses the beam of light in a direction perpendicular
to the diffracted light by the Echelle, which makes a 2D image called echellogram.
Further information concerning Echelles and the related spectrometers can be found
in [16, 20].
Echelle spectrometers have a broad spectral range covering the whole UV-VIS-
NIR region with high resolution. Its dimensions are also quite small because the focal
length does not have to be as long as in the case of other dispersive spectrometers.
On the other hand, the throughput is lower and the calibration of the echellogram
is not a trivial task.
Fourier-transform Spectrometer
Fourier-transform Spectrometers are based on completely different principles than
the dispersive ones. Instead of dispersing the wavelengths to different positions,
the wavelengths interfere and form a diffraction pattern representing the spectrum
4Grating equation is given by 𝑚𝜆 = 𝑑(sin 𝛼 + sin 𝛽), where 𝛼 and 𝛽 are incident and reflected
angle with respect to grating normal, respectively. One can easily deduce that this equation does
not have a real solution for all diffraction orders 𝑚.
5Littrow condition is satisfied when 𝛼 = 𝛽, where 𝛼 and 𝛽 are incident and reflected angle with
respect to grating normal, respectively
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in a spatial domain, which can be transformed into a frequency domain (spectrum
of the plasma) by Fourier transform. Two main principles have been developed so
far. Both of them rely on an interferometer, in most cases on the Michaelson inter-
ferometer. The traditional form, used mainly in infrared absorption spectroscopy,
periodically moves with the flat mirror of the reference optical branch in Michael-
son interferometer. Once the movable sensitive parts are necessary in this form of
spectrometers, they are not very appropriate for an application of time-dependent
spectroscopy.
The drawback of movable parts has been overcome by Spacial Heterodyne Spec-
trometer (SHS), which replaces the mirrors of the interferometer by the diffraction
grating. The SHS excel in high throughput because it does not need a narrow slit
to achieve high resolution. The further benefit is high durability because it can
be designed as a small and monolithic device and thus the SHS is very convenient
for astronomical and space applications [21]. Even ultraviolet can be detected by
all-reflection construction of SHS [22]. The application of SHS has also been found
in remote LIBS devices [23].
1.2.2 Laser in spectroscopy
Since the laser was invented by Gordon Gould and and Theodore Harold Maiman
[24], many breakthroughs have been reported in physics. Naturally, scientists started
to think about the applications of lasers in spectroscopy. For instance, a development
of near-infrared lasers and CCD cameras introduced Raman spectroscopy into the
"real-world" chemical analysis after 1986 [25]. This non-destructive technique uses
detection of inelastic scattering of the laser and hence can reveal chemical bonds in
the sample but the atomic structure of the sample cannot be quantified.
On the contrary, the laser beam of high power pulsed laser, when focused on the
surface of the sample, can ablate, vaporize, atomize and ionise a small amount of its
material. There are two techniques of spectroscopy that rely on this laser ablation
including Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS) and Laser-Induced Breakdown Spectroscopy (LIBS). Regarding LA-ICP-MS,
the ions are transported by an inert gas stream to ICP-MS device and to the mass
spectrometer in which they are separated and detected. LA-ICP-MS is accurate
and extremely sensitive, with LOD in order of ppb but the mass spectrometers are
expensive [26].
1.2.3 Laser-induced Breakdown Spectroscopy (LIBS)
LIBS does not measure the mass of the ions like LA-ICP-MS. Instead, this technique
detects photons that are excited during plasma’s lifetime and measures their energy
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(wavelength). According to the quantum theory, this emitted energy in form of light
is uniquely defined by the energy levels of atoms, ions or molecules because they can
exist only in certain discrete states [27]. The exact energy emitted during certain
excitation process that occurs between two states of energy 𝐸1 and 𝐸0 is given by
the equation:




where ℎ is Planck constant, 𝑐 is the speed of light and 𝜆 is the wavelength that is
emitted. Therefore, the spectrum of the plasma’s radiation comprises many strong
peaks indicating a respective element in the sample and thus the spectrum is like a
fingerprint of the chemical composition of the sample. Besides the emission peaks,
the intense background caused by breaking radiation (bremsstrahlung) appears in a
spectrum.
Although the processes occurring in the ablated material during the plasma’s
lifetime are very complicated, the basic principle of LIBS is quite simple. Every
LIBS optical system relies on a nanosecond or a femtosecond pulsed laser with the
pulse energy of typically from 1 to 1000 mj [5].The collimated radiation of the laser
is then focused onto the surface of the sample by focusing lens so that the spot size
on the surface can be very small and hence the irradiance can be extremely high. In
the other words assuming the laser beam as a wave, the Gaussian laser beam with
the size of the waist of 𝑤01 propagating through a thin lens is transformed into a





where 𝑓 is the focal length of the thin lens and 𝜆 is the wavelength of the laser
beam. Assuming relatively big waist 𝑤01 in comparison with the focal length 𝑓 ,
the waist 𝑤01 (i.e. the spot size) can be very small. This assumption can be easily
satisfied for a beam leaving a laser. Of course, the lens is never perfect and the
spot size is always affected by optical aberrations and the diffraction limitation.
Nevertheless, the equation (1.5) gives a good approximation and tells us that the
spot size is always the function of the focal length and the wavelength. The typical
spot diameter is in order of 0.1 mm2 [29]. This provides the irradiance in order of
gigawatt per square centimetre, which ought to be enough for the excitation of the
plasma.
The next step is to collect the radiation of the plasma and get the information
about its spectrum. Most of LIBS devices use a collecting lens that images the
plasma on the aperture of an optical fibre. The radiation is introduced by the
fibre into the spectrometer, which disperses the light into the spectrum. There
are many types of them that have been discussed in chapter 1.2.1. This collecting
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system is easy and very convenient for UV-VIS-NIR radiation. It shall be discussed
in detail in chapter 2. The plasma can be also imaged directly onto the slit of
the spectrometer. For instance, the hand-held analysers or devices collecting VUV
radiation (i.e. wavelengths under 200 nm) [30] are usually built on this principle.
This technique has, however, difficulties related to adjustment (see chapter 2).
A very important feature of LIBS that must be noted is that the spectrum is
significantly dependent on the time section in which the plasma is detected and
integrated after the excitation. These parameters are usually labeled as gate delay
(GD) and gate time (GT). The GD is a length of time between the excitation of
the plasma and the opening of the detector’s shutter. The GT is subsequent to the
GD and determines the exposure time of a detector. The time-dependency of the
LIBS means that the spectrum rapidly alternates during the plasma’s lifetime. The
early phase of a plasma (usually dozens of nanoseconds after the excitation) emits
both the emission lines of the elements and besides, a bright continuum among the
whole spectrum caused by the bremsstrahlung [3]. Weaker lines become visible later
(usually hundreds of nanoseconds or more). Therefore, the radiation is usually not
integrated among the whole excitation but rather it is time-resolved in order to
improve the signal to noise ratio. However, this requires sophisticated electronics
and extremely fast shutters of the detectors, since the plasma’s lifetime is usually no
longer than dozens of microseconds. Moreover, the signal is usually weak because
only the small part of the radiation is collected.
The proper synchronisation of devices has been solved by delay generators, which
periodically generate short electrical pulses delayed among each other very precisely.
These pulses are used for synchronisation of the flash lump and Q-switch of the
laser, the shutter of the detector and other devices. Regarding the extremely fast
triggering of detector shutter and weak signal to detect, the intensified CCD and
more recently CMOS cameras have been used.
LIBS also faces a problem related to interference of the emission lines caused
by various of broadening mechanisms. The theory of spectrometers discussed in
chapter 1.2.1 suggests that two or more wavelengths cannot be distinguished by a
spectrometer when they are closer each other than the resolution of the spectrome-
ter. In practice, it means that even perfect monochromatic source of light appears
on the detector of the spectrometer as nonmonochromatic. In the other words, an
infinitesimally narrow emission line is broadened by so-called instrumental broad-
ening which has Gaussian distribution. Emission lines of plasma’s radiation are not
infinitesimally narrow either. Two main mechanisms participating in the broadening
have been observed. First - Doppler broadening - is caused by chaotic movements of
particles in the hot plasma so the Doppler effect occurs and thus it has also Gaussian
distribution. Second - the Lorentz broadening - also called as pressure or collision
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Voigt profile R2 = 0.9984
Gaussian profile R2 = 0.9904
Lorentzian profile R2 = 0.9837
Fig. 1.3: comparison between Gausian, Lorentzian and pseudo-Voigt profile inter-
polation within the data of carbon emission line measured by LIBS technique
because it takes place due to interactions of the emitting atoms. A special case
of this kind of broadening, which is very significant in the plasma spectroscopy, is
the Stark broadening that occurs when the charged particles like ions collide each
other. According to the general name of these broadenings, they have the Lorentzian
distribution. There are more mechanisms of spectral line broadening like natural
or Inhomogeneous broadening but they are negligible in plasma spectroscopy in
comparison with others, described above.
We discussed above that the spectral line broadening mechanism has either Gaus-
sian or Lorentzian distribution. Therefore, the resultant theoretical shape of an
emission line must be something between of them. Mathematically, the resultant
profile is the convolution of each broadening mechanism. This is a Voight profile that
is defined as the convolution of Gaussian and Lorentzian distribution. In practise,
we use the approximation called pseudo-Voigt profile, which uses the linear combi-
nation instead of the convolution and hence it is easier for implementation to the
scripts of data processing. A comparison between Gausian, Lorentzian and pseudo-
Voigt profile interpolation within the data of a carbon emission line measured by
LIBS technique is shown in Fig 1.3
The analytical form of pseudo-Voigt function can be written as [31]
𝐼𝑝(𝑥) = 𝐼𝑝{𝜂𝐶(𝑥) + (1 − 𝜂)𝐺(𝑥)}, (1.6)
where 𝐼𝑝 is amplitude of the function and 𝜂 is a Cauchy content (sometimes called as
mixing coefficient). 𝐶(𝑥) is a Cauchy function (also known as Lorentzian function):
25
𝐶(𝑥) = 11 + 𝑥2 , (1.7)
and 𝐺(𝑥) is Gaussian function:
𝐺(𝑥) = 𝑒𝑥𝑝[−(ln2)𝑥2]. (1.8)
𝑥 is an variable which is defined by the equation
𝑥 = 𝑝0 − 𝑝
𝑤/2 , (1.9)
where 𝑝0 is the position of the maximum, 𝑝 is a variable of the position (usually
wavelength) and 𝑤 is a full width at half maximum (FWHM). It is obvious that 𝜂
can take any value between 0 to 1. According to the equation (1.6), the function
𝐼𝑝(𝑥) becomes Gaussian and Lorentzian for 𝜂 = 0 and 𝜂 = 1, respectively.
1.2.4 An analysis of ferrous alloys by LIBS
LIBS analysis of steel and cast iron, especially determination of light elements such
as carbon, sulphur, and phosphorus, has been always very complicated because
of the high concentrations of iron in these alloys. The high concentration of iron
causes excitation of dozens of hight-intensity emission lines of iron, which interfere
with much weaker lines of the light elements and hence they cannot be detected.
Experiments proved this theory since emission lines of carbon, sulphur or phosphorus
in UV-VIS-NIR spectral range are hard (or even imposible) to be detected by LIBS
[32]. Despite that, these lines can be detected in the vacuum ultraviolet (VUV)
without significant interference of the iron emissions. VUV radiation makes the
analysis possible but less straightforward, in comparison with the analysis in UV-
VIS-NIR, due to the absorption of VUV by the air (see chapter 1.3.1).
An analysis of a solid steel by LIBS in the range of 178-300 nm
Most of research works related to light elements analysis in steel by LIBS have been
done in the range of 178-300 nm because this range of wavelengths comprises most
of the emissions of elements that must be analysed in steel. The most prominent
lines are shown in Tab. 1.1. V. Sturm and R. Noll demonstrated the limit of de-
tection better than 10 µg/g for every element in Tab. 1.1 by use of Paschen-Runge
spectrometer with PMT detectors, all purged with argon. Particularly, such a limit
of detection for carbon, sulphur, and phosphorus in steel was achieved for the first
time [6].
We have already mentioned in chapter 1.1 that SD-OES is currently the most
popular analytical method in metallurgy. This method was compared with LIBS
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Tab. 1.1: List of the elements, wavelengths, Einstein coefficients of spontaneous
emission 𝐴𝑘𝑖, and energies 𝐸𝑘 and 𝐸𝑖 of the upper and the lower levels, respectively,
of the observed lines apropriate for LIBS analysis in the range of 178-300 nm. Data
were taken from [5] and NIST (National Institute of Standards and Technology)
database.
Element Ionization stage Wavelength [nm] 𝐸𝑛 [eV] 𝐸𝑖 [eV] 𝐴𝑘𝑖 [𝑠−1]
P I 178.28 6.95 0 2.14 · 108
S I 180.73 6.86 0 3.27 · 108
Si I 184.82 6.72 0.01 1.23 · 108
Fe II 187.75 9.13 2.52 8.2 · 107
C I 193.09 7.68 1.26 3.39 · 108
Cr II 205.56 6.03 0 1.22 · 108
Ni II 231.60 6.39 1.04 2.88 · 108
Cr II 267.72 6.18 1.55 -
Fe II 271.44 5.55 0.99 5.7 · 107
Si I 288.16 5.08 0.78 2.17 · 108
Mn II 293.31 5.40 1.17 2.04 · 108
by Hemmerlin in 2001 when analysed low concentrations (< 100 µg/g) of C, N, S,
and P in steel by use of a setup that comprised Paschen-Runge spectrometer and a
chamber purged by argon. The setup was used for LIBS as well as SD-OES analysis.
They found that SD-OES has three times better LOD than LIBS. However, the LOD
better than 5 µg/g for C, P and S were achieved by LIBS for the first time [7].
LIBS combined with the laser-induced fluorescence can be used with benefit
for steel analysis in order to get rid of the difficulties related to the absorption
of the VUV and interference of iron emissions. Phosphorus with LOD estimated
around 0.7 µg/g was analysed in open air using LIBS-LIF by Shen in 2009 [33].
More recently, carbon was also analysed in the open air by use of the fluorescence
of carbon-nitrogen radicals forming in the plasma when interacting with nitrogen
atoms in the atmosphere [34]. The CN radicals were stimulated by a laser with the
wavelength of 421.6 nm and emitted 388.34 nm fluorescence which is not affected by
any interference with the iron line. They achieved LOD of 130 µg/g and 390 µg/g
in the air and pure nitrogen gas, respectively.
Hand-held metal spectroscopic devices are also widely discussed in the field of
chemical analyses. The leader in this field of the area has been the X-ray fluorescence
(XRF) method. Nevertheless, this method is unable to detect light elements and
hence some metal alloys cannot be investigated properly. For instance, XRF is
not appropriate for C, P, S analysis in steel or for the Si, Li, Be, Mg analysis in
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aluminum alloys. Therefore, many hand-held analysers using LIBS have appeared
on the market, recently [35].
An analysis of a solid steel by LIBS below 100 nm
Detection of the radiation under 100 nm is an extraordinarily difficult task because
of the very significant absorption of this sort of wavelengths by the air. Furthermore,
there is no transmissive optics working in such wavelengths. Therefore, only vac-
uum compatible Paschen-Runge spectrometer and specialised optical components
such as glass capillary array [36] must be used in an experimental setup. The setup
is then expensive but very good LOD for light elements in steel can be achieved.
Kharter in 2000 measured LOD of 1.2 ±0.2 µg/g for carbon in low alloy steel by use
of C III 97.7 nm [37]. More recently, Jiang (2014) demonstrated the impact of the
ambient atmosphere on the LOD of carbon and sulphur by use of the single-pulse
technique as well as the double-pulse technique. They achieved the best perfor-
mances with the nitrogen of the pressure of 0.3 mbar. The LOD for carbon and
sulphur in steel was 2.9 µg/g and 1,5 µg/g, respectively. The calibration curve was
done for the C III 97.7 nm and S V 78, 65 nm emission line, respectively.
An analysis of a molten steel
On-line analysis of a molten steel from the furnace has always been very attractive
for metallurgist because it would reduce the cost and time needed for the analysis.
LIBS has been the only method for such a remote analysis, so far, and hence many
researches were devoted to this topic. Nevertheless, this is extremely technically
challenging because of the absorption that we discussed above. Peter, Sturm, and
Noll, however, [38] developed a device, which overcame this obstacle with LODs for
C, P, and S of bellow 20 µg/g.
1.3 Ultraviolet radiation (UV)
The ultraviolet radiation is defined as an electromagnetic radiation from 100 nm to
400 nm. The Ultraviolet is further divided into Near Ultraviolet (NUV: 300-400 nm),
Middle ultraviolet (MUV: 200-300 nm), Far Ultraviolet (FUV: 122-200 nm), Vacuum
Ultraviolet (VUV: 10-200 nm), Extreme Ultraviolet (EUV: 10-121 nm), etc.
For the purposes of this thesis, the range of the wavelength under 200 nm is
important. This range of wavelengths is not significantly absorbed only by particular
gases, such as argon, helium, nitrogen etc., or a vacuum. Therefore it is often called
as the Vacuum Ultraviolet (VUV).
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1.3.1 Vacuum Ultraviolet (VUV) radiation in the air
Fig. 1.4: The transmittance of the VUV passing through the oxygen with the tem-
perature of 300 K, the pressure of 200 mbar and the absorption path length of 0.2,
2 and 300 cm
In order to outline the challenges related to the VUV detection, the absorption
of the radiation under 250 nm has been investigated.
Absorption of a radiation coming through a certain material is determined by
Beer-Lambert law which can be expressed as:
𝐼 = 𝐼0e−𝛼(𝜆)𝑑, (1.10)
where 𝐼0 and 𝐼 are the irradiations of the incident and the transmitted light, respec-
tively and 𝑑 is the absorption path length. 𝛼(𝜆) is the absorption coefficient given
by
𝛼(𝜆) = 𝜎(𝜆).𝑛, (1.11)
where 𝜎(𝜆) is absorption cross-section. It is experimentally determined constant, de-
pending on the wavelength of the radiation, the chemical composition of absorption
layer and temperature of the absorber. There is a website containing a database of
this constant for a wide variety of absorbers and range of wavelengths [39]. In this
work, we used especially a research published by Yoshino [40]. 𝑛 is a concentration





where 𝑁𝐴 = 6.022 × 1023 mol−1 is Avogadro’s constant and 𝑅 is gas constant.
𝑝, 𝑉 and 𝑇 is partial pressure, volume and temperature of the absorber, respectively.
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Pressure dependent transmittance of the several LIBS emissions detected by VUV modul (theoretical curves)
C III 97.7 nm
C I 133.6 nm
N I 149.5 nm
C I 175.2 nm
S I 180.7 nm
S I 182.03 nm
Si I 184.6 nm
Si I 190.1 nm
C I 193.1 nm
Si I 198.9 nm
Cr II 202.6 nm
atm 1013.25 mbar
Fig. 1.5: The transmittance of the several LIBS emissions in VUV passing through
the air
A dimension of the absorption cross section 𝜎(𝜆) is often declared in a unit of
cm2.(amount of molecules)−1. Therefore the parameters in the equations (1.10) and
(1.12) have to be set in the units of Kelvin, Pascal, cm3 and cm for the temperature
𝑇 , pressure 𝑝, volume 𝑉 and path length 𝑑, respectively.
The degree of absorption can be shown by a transmittance defined as a ratio of




The equations (1.10) and (1.13) yield the equation for transmittance in a gas:
𝑇 = 𝑒𝜎(𝜆)𝑑𝑛. (1.14)
The atmosphere of earth contains roughly 20 % 𝑂2 and 80 % 𝑁2. There are also
small amount of other compounds including Ar, CO2, H2O, etc., but their contribu-
tion to the absorption is negligible. Furthermore, nitrogen is perfectly transparent
for VUV, so that oxygen is the only element absorbing the VUV radiation. The
transmittance of the radiation between 150 nm and 210 nm passing through oxygen
with the temperature of 300 K, the pressure of 200 mbar and the absorption path
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length of 0.2, 2 and 300 cm, respectively, is depicted in fig.1.4. The Shuman-Runge
bands are plain to see in the range 175–200 nm. The Shuman-Runge continuum
occurs in the range 130–175 nm and the range 200–242 nm is called Herzberg con-
tinuum.
A pressure-dependent transmittance of the most important LIBS emissions pass-
ing through the absorbing path length of 325 mm (this length has been estimated
for further design of VUV module) is depicted in the Fig. 1.5. The tick values along
the upper portion of the horizontal axis are evaluated for the partial pressure of
O2. The second horizontal axis shows the pressure of the air in the case that the
concentration of oxygen in the air is 20%.
The vertical red line in Fig. 1.5 shows the border of atmospheric pressure of
absorbing oxygen, which reveals that the wavelengths down to 190 nm are not
significantly absorbed even in the atmospheric pressure. For instance, over 80 % of
the C I 193.1 nm emission line is transmitted. The transmission declines sharply
bellow 190 nm and almost no signal can be observed under 180 nm. For example,
nearly 30 % of the Si 184.6 nm is still visible but the intensity of S I 182.03 nm
is negligible. Therefore, If we want to detect a strong signal of the emission lines
below 180 nm, which is crucial in a steel analysis, the partial pressure of oxygen in
the whole optical path has to be reduced at least to the partial pressure of 10 mbar.
The easiest way to do this is to purge the optical path by a gas transmitting VUV
such as inert gases (Ar, He or N)[41].
1.3.2 Transmission of UV radiation by optical glasses
The glasses widely used in optics have a low transmittance of ultraviolet radiation.
The flint and crown glasses containing SiO2, and other ingredients, absorb all wave-
lengths under 300 nm. Only the high pure glass of SiO2 called fused quartz or fused
silica has a good transmittance in UV. The absorption starts to be significant under
150 nm. Other special optical materials transmitting VUV are crystals, which have
many applications in coatings and thin layers. Particularly, CaF2 and MgF2 are
appropriate for the wavelengths down to 120 nm. On the other hand, crystals are
not as hard and thermally stable as traditional optical glasses. [42]
Although the quartz has good transmittance for VUV in general, the manufac-
turers do not recommend the use of optical fibres, based on the quartz, for UV
radiation. Standard optical fibres are progressively damaged by radiation under
230 nm and their transmittance decreasing due to solarization effect. Though the
manufacturers developed solarization resistant fibers for Deep UV applications, their
transmittance is not appropriate for LIBS in long-term use.
The specific discipline is a work with the wavelengths under 100 nm because
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there is no material transmitting these wavelengths so that only reflected optical
components must be used. However, many experiments and devices require at least
the separation of different pressure regions. For instance, concerning particular LIBS
application [10], the plasma must be excited in ambient inert gas while its UV radi-
ation is detected in VUV spectrometer operating in the ultra-high vacuum (UHV).
This divider can be designed in the form of either thin-film windows, differentially
pumped slits or more recently, capillary array [36]. Even, lens focusing extremely
deep ultraviolet or X-ray has been developed based on diffraction and Fresnel zones
approach. This sort of lens is called zone plate because it is basically a plate with
dark and bright zones. Since the dark zones absorb the radiation, the zone plates
have low-efficiency [43].
1.4 Data processing/Chemometrics
The main purposes of a spectroscopy are concerned with qualitative or quantitative
determination of sample chemical composition. Apparently, this sort of information,
especially concerning quantitative analysis, cannot be determined directly from the
raw data given by the spectrometer in a form of the light spectrum. Statistics must
be taken into account in order to separate just a useful and clear result such as the
proportional concentration of the respective element in the sample.
The spectrometer output (the spectrum) is a vector of intensities 𝐼 corresponding
to respective pixel/detector and integrated over the exposure time (gate width) 𝑡𝑖𝑛𝑡.
The value of the pixel can be then converted to the wavelength (see chapter 3.1.1).
Assuming an experiment that comprises 𝑚 amount of spectra (measurements/ob-
servations) and a detector with 𝑝 pixels (variables), we can mathematically express
the experiment in the form of a matrix as follows:
X =
⎡⎢⎢⎢⎢⎢⎢⎢⎣
𝐼11 𝐼12 . . . 𝐼1𝑝
𝐼21 𝐼22 . . . 𝐼2𝑝
... ... . . . ...
𝐼𝑚1 𝐼𝑚2 . . . 𝐼𝑚𝑝
⎤⎥⎥⎥⎥⎥⎥⎥⎦ (1.15)
Individual rows of the matrix X represent either the whole spectrum or a part
of the spectrum in the vicinity of the emission line of the investigated element.
1.4.1 Data pretreatment
The spectrum is dependent upon the measuring conditions, which can vary during
the measurement. Particularly, the LIBS deals with the fluctuation of the laser
energy. Other fluctuations of the intensities among the spectrum can be caused by
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the inhomogeneous microstructure of the sample, ambient atmosphere and so on.
Therefore, the data normalization is recommended for every quantitative analysis.
The data normalization means that the intensities of the matrix X (1.15) are
divided by a reference intensity Ir 6 :
XN = X./Ir, (1.16)








There are many approaches for determination of the reference intensity. The
straightforward strategy is to compute the reference intensity as the intensity of
the whole spectrum or as the maximum spectral peak intensity. A more convenient
approach, however, is so-called internal standardization, meaning that the reference
intensity is the intensity of an emission line corresponding to the matrix element
with known concentration. The internal standardization achieves, in general, better
results but the proper emission line for standardization must be carefully chosen.
1.4.2 Calibration and limit of detection
Leaving aside the calibration-free methods of LIBS [44], the calibration must be
applied in order to determine the chemical composition of unknowns. This approach
comprises the measurement of several standard samples with the known chemical
composition which should be also similar to the unknown sample because of the
matrix effect. For every investigated element, the curve of growth (also known as
calibration curve) is created as an interpolation within a set of points whose X and Y
coordinates correspond to the known concentration of the respective element and to
the measured intensity of the matching emission line, respectively. The shape of the
interpolation is ideally linear. Nevertheless, the mechanism such as self-absorption
of emission lines causes non-linearity of the curve of growth[44].
The important parameter of a spectroscopic device or a method are the Limit of
Detection (LOD) for an investigated element. LOD is the smallest possible concen-
tration of an element in the sample that can be measured with statistical certainty.










6./ is the operator for element-wise right-array division. In the case of the equation (1.15), it
means that every row of the matrix X is divided by the matching intensity from the matrix Ir.
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where 𝑠𝑏 is the standard deviation of either the background of the blank or the
sample with the smallest concentration. 𝑋𝑏 is the mean of the background or the
blank and 𝑏 is the slope of the linear part of the calibration curve. The last coefficient
is frequently chosen as 𝑘 = 3 (1.18). The expression in the first parenthesis (𝑠𝑏/𝑋𝑏) is
the Relative Standard Deviation (RSD) and the expression in the second parenthesis
(𝑋𝑏/𝑏) determines Background Equivalent Concentration (BEC).
The equation (1.18) is in conformity with the recommendation of International
Union of Pure and Applied Chemistry (IUPAC) [45] and it has been also suggested
for LIBS technique by Hahn [44].
1.4.3 Principal Component Analysis (PCA)
Principal Component Analysis (PCA) is a linear multivariate analysis that aims to
extract only the most crucial information of the dataset X and order them into new
variables called principal components. The PCA is capable of visualizing the pattern
of similarities among the measurements and to determine the importance/weights
of individual variables. Therefore, the PCA is good tool for preliminary analysis of
the studied dataset or for the classification of the dataset.
The PCA yields matrices containing principals components in such a way as a
linear combination of these matrices is equal to the original dataset:
X = FQ𝑇 , (1.19)
where F and Q is called a Score and a Loading, respectively. The Loading is a
vector of directions defining a model of the dataset. The Score is a projection of the
dataset observations to these vectors of the Loading. Hence, Score matrix reveals
the pattern of similarities among the observations since it makes clusters of points
in the PC space. For instance, Fig. 5.6 shows the scores plot of five steel samples
represented by individual LIBS measurements, which are distinguished in PC space
by individual clusters. In terms of the use of PCA to a spectroscopic data, the
Loading shows, which wavelengths are responsible for the extraordinary position
of respective cluster. Fig. 5.5 shows matching Loadings to the scores in Fig. 5.6.
One can see that Fe, C, and Cr are responsible for the extraordinary positions
of the clusters in PC1 direction because the emission lines of those elements are
extraordinarily intense. The positions of clusters in PC2 are made up rather by
C and Cr and the third direction of PC3 is represented rather only by C. This
behavior of PCA is convenient for the classification because different samples are
well distinguished by Score and their chemical composition can be estimated by
Loading.
The power of the PCA is that the dimension of the data is significantly reduced
while useful information remains because only a few most essential components
34
(typically from 3 to 10 PC’s), usually containing more than 99% of the informa-
tion, are separated and used for further analysis. This technique combined with
other methods like SIMCA is very useful in autonomous classification of samples.
Further applications of PCA concerning LIBS technique have also been found in
chemical mapping [46, 47] or spectral outlier filtering [48]. More information and
mathematical principles of PCA can be found in [49, 50, 51].
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2 The optical design and the concept of VUV
module
2.1 Assignment/Specification
The work of this thesis aims to develop a module for detection of the radiation
down to 178 nm and implement this module to the experimental LIBS setup of
the Laboratory of laser spectroscopy in Brno. The capability of the module will be
demonstrated by the LIBS analysis of several steel samples. The main requirements
are summarised as follows:
• The module is equipped with the flange F58, which is mounted in the B type
port of the interaction chamber. See the chapter 2.2 describing the properties
of the interaction chamber.
• The module is vacuum tight (The lowest possible pressure in the chamber is
1 mbar). Furthermore, the module offers a purging of the optical path by an
inert gas in order to reduce the absorption of the VUV radiation by the air.
• The radiation of the plasma is collected and imaged on the slit of the spec-
trometer by collection optics placed inside the chamber. Either Solar FA-2
objective or the objective comprised two CaF2 lenses will be used (see chapter
2.4).
• Ibsen HR-DUV spectrometer with the spectral range of 178 to 409 nm is used.
• A kinematic mounting of either spectrometer or the collection optic offers both,
the fine positioning perpendicular to the optical axis in both directions (X and
Y), as well as coarse positioning parallel to the optical axis.
• The fine adjustment of X and Y positioning provides at least the travel of
± 1 mm. The coarse positioning of Z-direction offers at least the travel of
± 5 mm. The accuracy, as well as the resolution of the Z positioning, is not
crucial, but its rigidity should be hight.
• The manual adjustment has to be easily accessible from the outside of the
chamber.
• A distance between the plasma and the input port of the flange is, approxi-
mately, 132 mm (see Fig 3.1)
• The spectrometer is easily removable and the holder of the spectrometer pro-
vides the mounting of the fibre, that is connected to the laser, for coarse
adjustment of the optical system.
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Fig. 2.1: Ports and side plates of the interaction chamber
2.2 Interaction chamber
The interaction chamber is the basic component of the LIBS setup of the Labora-
tory of laser spectroscopy in Brno because it associates all modules needed for the
analysis. A deep understanding of all functionalities of the chamber is necessary for
further development of the module in this thesis.
Precise 3-axis vacuum-compatible motorized manipulator holding the sample is
placed in the centre of the chamber. The appropriate area of the sample is found
by the movement in both the X and the Y axis, which also enable the mapping of
the sample surface that is necessary for the reconstruction of the sample overview
and for the chemical mapping. The sample surface is placed in the proper position,
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where the laser beam is focused, by the movement in the Z-axis.
The chamber is equipped with ports schematically depicted in Fig. 2.1 including:
• A1 port (green) is reserved for primary input module, which provides with two
functionalities of the LIBS system. First, it captures the surface of the sample,
which is important for both the sample overview and for proper focusing of
the sample surface [52]. Second, the laser beam is introduced into the chamber
by this module and focused on the surface of the sample by a focusing lens.
The focusing lens is mounted in a motorized translation stage and thus the
spot-size of the laser beam on the sample surface can be changed. The clear
aperture of the A port is 125 mm.
• B ports (blue) are very suitable for collection optics and secondary cameras
because their geometrical axis intersects the center of the chamber. The clear
aperture of the B port is 58 mm.
• C ports (yellow) are used mainly for ancillary modules such as input and out-
put of Pressure Regulation Module, Emergency Equalization, Sound Pressure
Module, etc. The axis of C1, C2, C3, C8 and C9 ports are aimed towards the
centre of the chamber but C4, C5, C6 and C7 are not. The clear aperture of
the C port is 34 mm.
• D ports (red) is intended for the international standard flange ISO-K 100.
This flange is primarily used as a viewport.
2.3 Collection optics
Most of the collection optics currently used in the Laboratory of laser spectroscopy
in Brno rely on optical fibres. The scheme of the common collection system in both
adjustment and measurement configuration is shown in upper and lower portion
of Fig. 2.2, respectively. Once the ablation laser is adjusted to the centre of the
chamber, clearly visible crater is ablated on the surface of the sample. This crater
serves as the target for the adjustment of the collection optics that is proceeded
as follows: A laser diode is connected to the optical fibre, so that approximately a
point source of radiation is emitted from the output of the fibre. The output is then
connected to the XYZ adjustable mounting that enables the pencil, passing through
the collecting lens, to be focused precisely on the crater. Therefore, if the side of the
fibre, that has been connected to the laser, is connected to the spectrometer and the
plasma is induced on the sample by ablation laser, the plasma radiation is precisely
collected to the optical fibre and introduced to the spectrometer.
This technique allows straightforward adjustment of the collection system but
there are some drawbacks. We showed in chapter 1.3.1 that a standard optical




































Fig. 2.2: Adjustment (upper) and measurement (bellow) configuration of current
design
system is not appropriate for VUV radiation either. Moreover, the optical fibres
have considerable attenuation even for UV-VIS-NIR, which can be a problem for




































Fig. 2.3: Scheme of adjustment (upper) and measurement (bellow) of proposed de-
sign
Due to the attenuation of the fibres, the direct introduction of the VUV radiation
from the plasma into the spectrometer is necessary. This is quite easy at first sight
but it turns out to be challenging when we consider the adjustment of such a system.
Proposed solution is showed in Fig. 2.3. During the adjustment (see upper portion
of the Fig. 2.3), the laser diode is connected through the optical fibre to the housing
that holds the fibre in proper position in respect to the a collection lens. The pencil
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of laser radiation is focused on the flat surface of the specimen by the collecting lens,
which is mounted in adjustable XYZ adjustable mounting. The lens is then moved
by the mounting in order to target the pencil to the crater.
After this rough adjustment, the holder with the optical fibre is switched to
a spectrometer (see lower portion of the Fig. 2.3) that is either mounted in an
adjustable mounting or in a calibrated part that holds the slit of the spectrometer in
approximately the same place as the position of the fibre pinhole during adjustment.
2.4 Optical design
The behavior of the optical systems has been investigated by the theory of paraxial
ABCD matrices [42]. For our purpose, we will need transformation matrix for
transition over the distance 𝐿: ⎡⎣1 𝐿
0 1
⎤⎦ (2.1)
and for refraction at an interface with changing refractive indices 𝑛 → 𝑛′ and radius






2.4.1 Collection optic consisted of two plan-convex lenses
The transformation matrix of the optical system consisted of two plan-convex lenses


























where 𝐴, 𝐵, 𝐶 and 𝐷 are coefficients defining the paraxial optical system and 𝑛 is
the refractive index of both lenses. The intersection length of a paraxial ray in the
image space 𝑠′ can be expressed from these coefficients as: [42]
𝑠′ = 𝑠𝐴 − 𝐵
𝐷 − 𝑠𝐶
(2.4)
The optical system will operate in a broad range of wavelengths from 178 nm
to 400 nm. Therefore, one would expect very significant chromatic aberration since
refractive index rapidly changes in ultraviolet. Conveniently, refractive index is














Fig. 2.4: Scheme of the optical path comprised by two plan-convex lenses
where both 𝐴𝑖 (sometimes 𝐵𝑖) and 𝜆𝑖 (or 𝐶𝑖) are the Sellmeier coefficients, and 𝜆
is wavelength of the refracted light. The Sellmeier coefficients for CaF2 have been
taken from [54].
The f-number (i.e. 𝑓# = 𝑓𝐷 , where 𝑓 is the focal length and 𝐷 is the diameter
of the entrance pupil) of the optical system should be as low as possible in order
to collect as much light as can be. It means that the lens must be near the plasma
and its diameter has to be as large as possible. There is, however, a limitation in
the distance between the first lens of the optical system and the sample due to the
collisions of other devices inside the chamber. This distance depends also on the
diameter of the system. For instance, it cannot fall below 60 mm for the 1 inch
(25.4 mm) lens in diameter. Further requirement is concerned with the overall
distance between the plasma and the entrance slit of the spectrometer. This length
should be approximately 220 mm.














Fig. 2.5: Dependence of the intersection length of a paraxial ray in the image space
𝑠′ to the wavelength 𝜆
According to that specifications, two plano-convex CaF2 lenses with the focal
41
length (at 𝜆 = 588 nm) and the diameter of 𝑓 = 100 mm and 𝐷 = 25.4 mm,
respectively, were proposed. The gap between the lenses is 𝑑 = 30.2 mm and the
distance between the light source (plasma excitation) and the first lens is 𝑠 = 68 mm.
The radius of curvature of the lens’s surface is 𝑅 = 43.4 mm and the center thickness
of the lens is 𝑡 = 3.9 mm. All design parameters are schematically depicted in Fig. 2.4
The intersection length of a paraxial ray in the image space 𝑠′ for the wavelengths
between 150 to 400 nm computed by the equations (2.3), (2.4) and (2.5) is shown
in Fig. 2.5. One can see very significant chromatic aberration of this system; the
difference of the image position for 178 and 400 nm is more than 50 mm. Such an
unexpectedly large chromatic aberration is caused by the fact that refractive index
of the light changes in ultraviolet much more rapidly than in the visible region.
2.4.2 Two-lens achromatic objective
The second collection optic with correction of chromatic aberration has been pro-
posed. It comprises a two-lens achromatic objective demounted from the achromatic
Fiber Adapter FA-2 (SOLAR Laser Systems). The diameter is 15 mm and the fo-
cal length is 44.5 mm. The manufacturer was not able to provide us neither with
the information about the aberrations of this system nor with the geometry of the
lenses inside the objective. Therefore, both collection optics will be compared only
experimentally in chapter 3.1.3.
In order to compute the intersection length of a paraxial ray in the image space




𝑠 + 𝑓 ′ . (2.6)
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3 The design of VUV module
3.1 Experimental module
The experimental module was proposed in order to test the main concept of the
VUV analysis prior to the development of the final iteration. The experimental
module is the important part of the development of a new device because it can
reveal hidden challenges and obstacles to the concept. This module aims to test the
following features:
• Detection of VUV radiation passing through a variety of absorbing conditions
and to compare the results with the theory discussed in the chapter 1.3.1.
• Test of the spectrometer Ibsen FREEDOM HR-DUV, meaning to check the
right calibration, its repetition rate and its capability of detection in VUV.
• Comparison of two collection optics comprised CaF2 lenses and commercial
UV objective lens FA-2 (Solar).
• To find out the best strategy for adjusting the collection system and to decide
whether the lens, the spectrometer or both of them should be adjustable.
The experimental module (see Fig. 3.1) relies mainly on the commercial optome-
chanics in order to maximally reduce its cost. The module is built on the standard
flange F58 (1) holding the 30 mm cage system (Thorlabs) that comprises rods (2)
with a diameter of 6 mm. The spectrometer (3) is placed outside the chamber and
it is connected to the cage system through a holder (4) and Translation Mount
(5)(Thorlabs), which enables the spectrometer to be finely adjusted in X as well
as Y axis. Since the mount (5) is guided by the rods (2), the spectrometer can be
roughly adjusted in Z axis by moving with the mount (5) along the rods (2). Holder
(4) is also equipped with push-in fitting (6) that serve as the input of argon that
has been chosen as the purging gas. The whole mechanism is airtight by virtue of
a flange (7) and a shaft (8) that is sealed with an O-ring (9). The output hole for
the purging gas is drilled in the upper part of the standard flange F58 (1) because
the argon is heavier than the air and thus it will be pushed out of the module by
the argon.
The collection lens (10) is mounted in the same type of the Translation Mount
(5) as the spectrometer. Therefore, the XYZ adjustment of the lens relies on the
same principles as the adjustment of the spectrometer. In the Fig. 3.1, the first
of two lenses, i.e. the objective lens comprised CaF2 lenses (11), is depicted. The
second compared lens, i.e. commercial FA-2 (Solar) objective lens, is mounted in
















Fig. 3.1: Experimental module. 1 - Standard flange, 2 - Rods, 3 - Spectrometer
Ibsen FREEDOM HR-DUV, 4 - Holder, 5 - Translation Mount, 6 - push-in fitting,
7 - flange, 8 - shaft, 9 - O-ring, 10 - Collecting Lens, 11 - CaF2 lens.
3.1.1 Calibration of the spectrometer
The calibration of the spectrometer has been done by using the Mercury-Argon cali-
bration lamp connected to the spectrometer through an optical fiber. The spectrum
with labeled emissions of Hg is depicted in the Fig. 3.2.
According to the recognized emission lines of Hg, the proper wavelength 𝜆(𝑝𝑖𝑥)
of any pixel of the detector can be determined by the calibration polynomial as
follows:
𝜆(𝑝𝑖𝑥) = 𝐵0 + 𝐵1 × 𝑝𝑖𝑥 + 𝐵2 × 𝑝𝑖𝑥2 + · · · + 𝐵𝑛 × 𝑝𝑖𝑥𝑛, (3.1)
where 𝐵0 stands for minimal wavelength, 𝐵1, 𝐵2, · · · , 𝐵𝑛 are the calibration coef-
ficients and 𝑝𝑖𝑥 is number of a pixel.
3.1.2 Test of the VUV absorption
The test of the absorption of the VUV radiation, passing through both the air and
absorbing optical glasses, has been done by using the experimental module mounted
in the interaction chamber. Among the first portion of the test, The chamber, as
well as the whole space in the module, where filled by the air with atmospheric
pressure, and the sample was scanned by LIBS using a map of size 5 mm × 5 mm























































































Fig. 3.2: The spectrum of the calibration lamp mercury Hg. The labelled lines have
been used for evaluation of the calibration polynom.
In the second part of this test, the chamber was purged by argon and the same
measurement was done. The result is depicted in Fig. 3.3 by the pink curve, which
has higher values of intensities than the previous one. This enhancement is not
caused by the reduction of absorbing air in the chamber but rather by the argon,
which enhances the excitation.
In the last measurement, the whole optical path between the plasma and the
detector was purged by argon (see the purple spectrum in Fig. 3.3). This signal
can be considered as a spectrum of unabsorbed radiation from the plasma. The
signal is approximately the same as the previous signal for wavelength bigger than
190 nm. The absorption of the previous measurement signal grows enough to be
clearly observable in this absorbing conditions under the wavelength of 190 nm.
Eventually, there is no signal under 180 nm although the peak around 178 nm has
been exited as shows the unabsorbed (purple) spectrum. Similar behavior of the
absorption has been theoretically predicted in chapter 1.3.1.
3.1.3 Test of the optical design
Both, the doublet comprising two CaF2 lenses and the achromatic objective FA-2,
were experientially tested by LIBS measurement. The optics collected the plasma
radiation onto the slit of the spectrometer and intensities in the spectrum were
compared.
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Chamber is purged by Ar
The whole optical patch is purged by Ar
Fig. 3.3: LIBS spectrum in a different absorbing conditions. The grey one was
measured in the air. The pink one was measured in the chamber purged by argon
but with absorbing air in the spectrometer as well as in the optical path. The purple
spectrum was measured in argon, purging whole optical path between the sample
and detector
The doublet with two CaF2 lenses was able to introduce more intense radiation
into the spectrometer. However, the vicinity of the wavelength in the focus saturated
the detector even for small pulse energy i.e., 1 mJ. On the other hand, the out-of-
focus wavelengths in the boundary of the spectrum had small intensities due to the
significant chromatic aberration of the optical system.
The plasma spectrum collected by the FA-2 was less intense but more uniform
over the whole spectrum because the chromatic aberration of this objective was
corrected. The saturation of the detector arose for much higher pulse energies i.e.,
approximately 40 mJ. A further advantage of the FA-2 is the small size in comparison
with the second optics. Thus the implementation of the lens into the mechanics shall
be easier. Therefore, the FA-2 achromatic objective is more appropriate for collection
optics in VUV, even though the overall introduced radiation is less intense.
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3.2 The final design
The second iteration (the final module) was proposed according to the feedback
from the testing of the experimental module. The most crucial modifications for the
second iteration are summarised as follows:
• The durability of the entire mechanism must be much higher
• Only collection lens shall be adjustable. The spectrometer can be stationary.
• The adjustment of the collection lens should be possible to control from the
outside the chamber even in the case when there is a vacuum inside the cham-
ber.
• The electronics of the spectrometer should be mounted in a holder.
3.2.1 Mechanism
In order to satisfy the requirements of the second iteration, the mechanism must have
got rid of the standard optomechanical components. Thus the unique mechanism
had to be designed. The simplified scheme of the principle of the movement in
the X direction is shown in Fig. 3.4. The scheme shows two boundary positions of
the mechanism in which the mechanism is eased (the left portion of Fig. 3.4) and
maximally pressed down (the right portion of Fig. 3.4). One can distinguish four
assemblies in Fig. 3.4, i.e. Master Translation Unit (MTU), Slave Translation Unit
(STU), Horizontal Unit (HU) and Guided Unit (GU). The GU is the only assembly
of the entire module that can move in all directions meaning in the X, the Y, and
the Z. The two MTUs determine the position of the GU in the X and the Y. The
two STUs press the GU against the MTUs, which enable the GU to move also in
the reverse direction. The same principle of the mechanism is used in the Y axis,
meaning the displacement of the direction perpendicular to the X. The HU provides
the displacement in Z since the shaft (11) moves with the slider (8) along the Z.
The overview of the entire module including all parts is schematically depicted in
the Fig. 3.5. All units (i.e., MTU, STU, HU, and GU) are assembled in a Main
Block (1) and a Flange (2) which can be mounted in the B port of the interaction
chamber.
Master Translation Unit (see the left-bottom portion of the Fig. 3.5) relies on a
wedge mechanism consisted of a Linear slider (3M) touching Bearing Balls (4M) that
steer a wedge (5M) in X (or Y) direction while the Linear slider (3M) is pushed by an
Adjustment Screw (6). The Wedge (5M) is also pressed against a fixed Housing (7M)
by two springs (S1) symmetrically and one spring (S2) at the axis of the symmetry
due to the kinetics of the mechanism, which was optimized in the dynamic simulation
























Fig. 3.4: Principle of the mechanism (only the X displacement): 3M/3S - Wedge
Block of Master Translation Unit (MTU)/Slave Translation Unit (STU); 4M/4S -
Bearing balls of MTU/STU; 5M/5S - Wedge of MTU/STU; 6 - Adjustment Screw;
7M/7S - Housing of MTU/STU; 11 - Shaft; S2, S4 - Springs. The left and the right
portion shows the eased and pressed mechanism, respectively
Slider (8) which is assembled with a Lens Mounting (9) and the Lens (10) is
the main component of the Guided Unit. The whole unit is pushed against a flat
surface of a Shaft (11) by four springs (S3) that fixes the block horizontally but not
vertically. Thus, the slider can be finely adjusted to any vertical position (X, Y) by
the two Master Translation Units placed perpendicularly each other. Adjustment
in the horizontal Z direction is provided by a linear motion of the shaft (11) which
makes up the Horizontal Unit (HU). The shaft (11) is mounted in the slide bearing
that is part of the flange (2) and its fine positioning is enabled by a Union Nut
(12). Obviously, the rotation of the shaft (11) must be secured. Otherwise the shaft
would turn together with the union nut (12). This relative rotation between the
shaft (11) and the flange (2) is prevented by a key (it is not visible in the Fig. 3.5)
that is guided in a keyseat milled in the shaft. The key is screwed in the keyway of
the flange (2).
The Slave Translation Unit (STU) comprises exactly the same machined parts as
Master Translation Unit (MTU). Only springs of that are different. One very weak
spring (S1) is at the centre and three compression springs (S5) press the Wedge (5S)
with a help from the other parts of the mechanism against Slider (8). Therefore, the
Slider (8) is able to move in any direction because it is continuously pressed against
Master Translation Unit in both X and Y axis by STU.
The shaft (11) as well as adjusting screws (6) must be sealed in order to achieve
vacuum tightness of the module. The minimal pressure inside the chamber shall


































Fig. 3.5: Visualization of the mechanism: 1 - Main Block; 2 - Flange; 3M/3S - Wedge
Block of Master Translation Unit (MTU)/Slave Translation Unit (STU); 4M/4S -
Bearing balls of MTU/STU; 5M/5S - Wedge of MTU/STU; 6 - Adjustment Screw;
8M/8S - Housing of MTU/STU; 9 - Lens Mounting; 10 - Lens; 11 - Shaft; 12 - Union
Nut; S1, S2, S3, S4 S5 - Springs.
flange (2) guiding the shaft. The adjusting screw could not be sealed the same way
because such a small groove for O-ring was impossible to manufacture. Therefore a
housing that guides and seals the adjusting screw was proposed.
3.2.2 MSC ADAMS simulation of Master Translation Unit (MTU)
and Slave Translation Unit (STU)
The kinematics of the mechanism was simulated in the MSC ADAMS in order to
examine the proper work of the mechanism. The geometry of the mechanism of the
entire VUV module was imported into the MSC ADAMS and the contacts between
the parts were defined in the MSC ADAMS interface according to the manual.
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The important task of the dynamic simulation was to investigate the forces in
the contacts of MTU and STU and check out their magnitude. These forces were
investigated in five different positions of the mechanism i.e. when the displacement
of the guided unit is -1.2 mm, 0 and +1.2 mm in x direction and -5 mm, 0 and
5 mm in Z direction. In each position separately, the displacement in Y axis of
the mechanism was driven and the forces of some contacts were recorded during
the simulation. Fig. A.1 shows the distance-time graph of the simulation. The
simulation started when the displacement of Y was -1.2 mm, meaning that the
MTU, as well as STU of Y axis, were eased. Consequently, the displacement of Y
started to increase in time across the curve determined by the cubic polynomial that
has the relative maximum and minimum when the displacement of Y is maximal
and minimal, respectively. In the maximal position that was reached in 2.4 seconds
after the beginning of the simulation, the mechanism stopped for 0.5 s and then the
displacement started to decrease with the same trend. This shape of the time-graph
enabled smooth accelerating and decelerating of the mechanism because both the
first and second derivation of the cubic polynomial is also continuous.
Fig. A.2, Fig. A.3, and Fig. A.4 show the forces in the contacts between the
Wedge and the three balls (i.e., 4M position in the Fig. 3.5). The ↑ and ↓ show in-
creasing and decreasing displacement, respectively, which have not the same prop-
agation due to the friction in the mechanism. Similarly, Fig. A.6, Fig. A.7 and
Fig. A.8 show the forces in STU. The main studied aspect of the trends depicted in
those Figures was a minimal possible magnitude of the force. The higher the mini-
mal possible magnitude, the more reliable the mechanism, because if the force in a
contact were near zero (or even negative), the contact would become non-functional
and thus the mechanism shall not work properly. On the other hand, the higher the
minimal possible magnitude, the less accuracy of the mechanism, because the parts
of the mechanism will be deformed. Moreover, the endurance of the stressed parts
rapidly decrease. Therefore, the stiffness of the springs, as well as the geometry, of
the MTU and STU were carefully optimized by iteration process in MSC ADAMS.
The aim of this optimisation was to achieve as small forces in the mechanism as
possible. Nevertheless, a minimal possible force should not have fallen below 1 N.
It can be seen from the figures concerning the studied forces (i.e. Fig. A.2, Fig. A.3,
Fig. A.4, Fig. A.6, Fig. A.7 and Fig. A.8) that the forces among the mechanism
satisfied these requirements.
3.2.3 Investigation of Guided unit
It has been found from the simulation that the biggest force among the mechanism
takes place in the contact between Slider and MEU. Hence the tension in this contact
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Wedge of Master Translation Unit - Slider
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. 3.6: Magnitude of force in the contact between the wedge of MTU and Slider
in a varied positions and directions of movement among the mechanism. The ↑ and
↓ stands for increasing and decreasing displacement, respectively
was investigated. According to Hertzian Contact Theory [55], the maximal pressure







where 𝐹 is total force exerted between the bodies and 𝑅 is equivalent radius com-





















where 𝜈1, 𝜈2 and 𝐸1, 𝐸2 are Poisson’s ratios and moduli of elasticity of the first and
the second body, respectively.








The values of the normal stresses along the respective axes are [56]


















where 𝑧 stands for distance from the contact surface.
The maximal shear stresses are [56]





Failure theory of Maximum shear stress (MSS) was used for the estimation
whether a plastic deformation will occur or not. This theory assumes that the




This theory is not as exact as the theory of Distortion energy (DE) but it is much
easier and more conservative [56].
Slider is a part of the sphere with a radius of 𝑅1 = 19, 3 𝑚𝑚 that contacts the
flat surface of the wedge. Thus the second radius (the flat surface of the wedge) is
infinity 𝑅2 = ∞. The Slider is made of brass EN CW614N with Poisson’s ratio,
module of elasticity and yield stress of approximately 𝜈1 = 0.342, 𝐸1 = 106 GPa
and 𝑅𝑒 = 250 MPa, respectively. The wedge is machined from steel C55 so that the
material constants are as follows: 𝜈2 = 0, 292, 𝐸2 = 207 GPa and 𝑅𝑒 = 450 MPa.
The magnitude of force in boundary positions of the mechanism between the
slider and master as well as slave wedge is depicted in Fig. 3.6 and Fig. A.5, respec-
tively. Obviously, the force between the master wedge and slider (see 3.6) depends
on a tendency of the movement of the slider because the vector of friction forces
between the slider and other parts of mechanism depend on the tendency of move-
ment as well. If ones push the master wedge, they have to overcome the friction
forces. Ergo the maximal force on the slider and master wedge takes place when the
mechanism is maximally pressed. This force has been evaluated by the simulation
as 𝐹𝑚𝑎𝑥 = 50 N (see Fig. 3.6). When the master wedge is eased, the force on it is
stepped down by a magnitude of friction force and the only forces allowing the slider
to move are the forces of compression springs. Therefore, the forces of compression
springs have to be high enough in order to overcome the friction. Nevertheless, if the
forces of the springs are increased, the friction is increased as well. This is the main
reason why it is so important to reduce the friction in these parts of the mechanism
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as good as possible. The simulation revealed that the static, as well as dynamic
friction, have to be less than 0.2.
Since the maximal force is known, we can investigate stresses in the contact
between the slider and master wedge. Fig. 3.7 shows the maximal stresses in the
contact under the surface of the wedge (the red curves) and slider (the black curves),
which are determined by the equations (3.6), (3.7) and (3.8). The horizontal lines in
Fig. 3.7 show the condition (3.9), which is the boundary of plastic deformation. It
is plain to see that steel wedge satisfy the condition and thus will not be plastically
deformed. The brass slider does not satisfy the condition (see the black horizontal
line in Fig. 3.7 that is under the maximal stress of 𝜏𝑚𝑎𝑥), ergo the material under
the contact will be plastically deformed. Therefore the brass sphere will be slightly
crushed, which consequently increase the contact area. These consequences lead to a
phenomenon called pitting which is a big problem in many devices such as bearings
and train wheels [55]. Nevertheless, the slider in our application is static and thus
any fracture is not likely to happen. The important conclusion from this analysis is
that the flat surface of the steel wedge will not be crushed.
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Fig. 3.7: Stresses in contact between slider and master wedge.
3.2.4 Friction
We discussed in previous chapters that the friction in the mechanism must be re-
duced as good as possible. The MSC simulation revealed that the static, as well as
dynamic friction, should not be greater than 0.2. Therefore, we suggested brass-steel
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contact in critical connections where the load is maximal, which ensures that the
friction will be approximately 0.5 without lubrication [57]. That is why the slider
is made of brass. However, a lubrication is still crucial. It has been proved that
lubricated brass-steel can achieve the coefficient of friction smaller than 0,15 [58].
The important requirement for the lubricant, except of the reduction of friction,
is the compatibility with the middle vacuum of approximately 0.1 mbar that occurs
in the chamber during the purging process. The lubricant can evaporate or lose
its properties in the vacuum. Therefore, it has to be protected by labyrinth seal
or the vapour pressure of the lubricant has to be very low [57]. It would be very
complicated to add the seal into the design of VUV module, so that a specialised
grease for the vacuum has been chosen. For instance, Apiezon AP101 satisfy all
requirements.
3.3 Control software and electronics
The block diagram of modules, devices and software of the VUV module as well
as the experimental setup is depicted in the Fig. 3.8. The spectrometer of the
VUV module is controlled by the Digital Image Sensor Board (DISB) Evaluation
Kid provided by Ibsen. This package comprises a software as well as a hardware
including:
• the interface board that is connected to the DISB by ribbon cable. This board
also provides the connection to the power supply and other pins controlling
the features i.e., external trigger, temperature read-out and writing as well as
reading of other detector properties.
• DLN-4M SPI-USB adapter that provides the communication data transfer
between the detector and the PC through the USB port. This adapter is
connected to the interface board
• The DISB evaluation software that reads the data from the detector. This
software can also do the wavelength calibration and save the data in the hard-
drive of the PC.
The synchronization of the devices, i.e. the flash lamp and the Q-switch of the
laser and the detector of the VUV module, was controlled by Digital Delay Generator
(DDG). Values of proper delays were set in the Interaction chamber controller and
written into the firmware of the DDG by the PC and the Control electronics.
Neither DISB nor interface board were compatible with the digital delay gener-
ator (DDG) because the two pins i.e. TRIGGER and GND, corresponding to the
trigger and ground, respectively, of the interface board must be pulled down in order
to initiate a measurement. The DDG gives, however, very short well-defined pulses






















































Fig. 3.8: Block diagram of the experimental setup in a configuration with the VUV
module. The modules and devices are surrounded by a rectangular. The software
is surrounded by a circle.
diagram of the converter is shown in the Fig. 3.9. The MOSFET transistor in this
circuit shorts the TRIGGER and GND when the pulse voltage 5V from the DDG
is applied on the transistor. This initiate a measurement.
The manipulator in the interaction chamber and the Pressure regulation mod-
ule (MPR) were controlled by the control electronics that communicated with the
Interaction chamber controller in the PC. The MPR automatically pumped the in-







Fig. 3.9: Circuit diagram of the converter.
3.4 Manufacturing and implementation of the VUV
module
The optomechanics of the experimental module was either manufactured in the
workshop of Institute of Physical Engineering BUT or bought by Thorlabs company.
The optomechanical parts of the final module have not been in the manufacturing
possibilities of the workshop. Therefore, according to the technical drawings of
these parts, they were ordered in the manufacturing company SolidCon s.r.o., which
is specialized in the CNC machining. Other parts of the final module including the
vendor as well as the price are summarised in Tab. 3.1.
Tab. 3.1: List of manufactured and purchased parts of the VUV module
Item Vendor price (e)
Manufactured
Mechanical parts (optomechanics) Solidcon, s.r.o. 2474
Sheet-metal parts TopCNC s.r.o. 17
Purchased
Spectrometer Freedom HR-DUV Ibsen 4670
UV solar FA-2 objective Solar 300
20 mm Calcium Fluoride Window Edmund optics 110
Optomechanics Thorlabs 29
Air fittings and pipelines GMS 14
Springs Vanel 48
O-rings Alfa Agro Brno s.r.o. 5
Vacuum grease Kurt J Lesker Company Ltd 49
total: 7713 e
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The experimental module was assembled and tested in December 2017. Then, the
second iteration of the module was built in April 2018. Both of them were carried
out and experimentally tested on devices in Laboratory of laser spectroscopy in
Brno. The completed final module is shown in Fig. 6.1.
The overall price of the final module was 7664 e. The most expensive items are
both the spectrometer (i.e. 4670 e) and the machined optomechanics (i.e. 2474 e)





The measured samples, from which the calibration curve was determined, comprised
five certified low alloyed steels standards, provided by BAM(Federal Institute for
Materials Research and Testing, DE) and by SPL-LABMAT s.r.o.(CZ). The list of
these samples including the concentrations is in the Tab. 4.1.
Tab. 4.1: List of samples used for determination of calibration curve and their com-
position in wt.%
Sample C P S Si Mn Cr Ni
PT-061 0.448 0.0125 0.0243 0.241 0.615 0.227 0.086
PT-231 0.183 0.0147 0.0083 0.335 1.066 0.216 0.034
PT-211 0.357 0.0191 0.009 1.255 1.213 0.076 0.0215
PT-221 0.322 0.0124 0.0039 0.182 0.839 1.169 0.028
BAM SUS-1 R 0.9 0.02 0.017 0.8 1.1 1.7 2.9
The LIBS spectrum of stainless steel and cast iron was also investigated. Cer-
tified stainless steel provided by BAM and the cast iron, which composition was
determined by SD-OES, were used. The composition in wt.% is shown in Tab. 4.2
Tab. 4.2: List of stainless steel and cast iron samples used in analysis and their
composition in wt.%
Sample C P S Si Mn Cr Ni
BAM C1 0.092 - - 0.46 0.74 12.35 12.55
Cast iron no.1 3.5 0.208 0.0723 2.25 0.459 0.214 -
Cast iron no.2 2.99 0.0428 0.0066 2.47 0.217 0.0324 -
Cast iron no.3 3.56 0.36 0.124 2.06 0.61 0.12 -
Cast iron no.4 2.84 0.0434 0.0152 5.34 0.255 0.346 -
The flat surfaces of all samples were polished and cleaned by isopropyl alcohol
prior to the measurement in order to overcome any fluctuations of plasma due to
the roughness.
4.2 Setup
Samples were measured by the device for comprehensive LIBS analysis in two con-
figurations offering overall spectral range from 178 nm to 900 nm. The device is
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schematically depicted in the Fig. 4.1. The main part is the interaction chamber
(IC), which was described in the chapter 2.2. The radiation of the laser head (LH)
(Solar LQ-529) powered by the laser power supply (PS) was introduced by dielectric
mirrors of periscope (P) and focused on the surface of a sample (S) by focusing
optics (FS) (24.5 mm; Sill Optics, Germany). Consequently, the luminous plasma
was excited on the surface. In the Setup I offering the spectral range from 250 to
900 nm, the radiation was collected by a collection optics (CO) (100 mm CaF2 and
75 mm UVFS; Thorlabs, USA) and introduced into the spectrometer (S) (190–1100
nm, 5000 𝜆/Δ𝜆; Emu-65, Catalina Scientific, USA) via optical fibre. The spectrum
was captured by EMCCD detector (200–1000 nm, max 30 Hz repetition rate; Falcon
Blue, Raptor Photonics, Ireland). The VUV module (see chapter 3.2) offering the
spectral range of 178-400 nm was used in the second configuration (Setup II).
Ambient air conditions were controlled by the Pressure Regulation Module (MPR).
The synchronization of the LIBS experiment was performed by the control electron-
ics (CE) developed in the Laboratory of laser spectroscopy in Brno. (CE) also
controlled the Pressure Regulation Module (MPR) and 3-axes sample stage (SS)













Fig. 4.1: Schematic diagram of experimental device, where: LH - laser head; S -
spectrometer; C - camera/ detector; MPR - Pressure Regulation Module (gas purge);
PC - computer; PS - laser power supply; CE - control electronics; P - periscope
with reflective mirrors; SS - 3-axes sample stage; S - sample; IC - LIBS interaction
chamber; FO - focusing optics, and CO - collection optics/ VUV module.
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5 Results
5.1 Analysis in the UV-VIS-NIR spectral range








































C I 833.52 nm
Fig. 5.1: LIBS spectrum of of Cast iron no.3 in UV-VIS-NIR spectral range
It has already been pointed out that the carbon content in ferrous alloys cannot
be determined with LIBS by use of UV-VIS-NIR. We investigated this statement by
the measurement of four cast iron with high concentration of C (see Tab. 4.2).
The spectrum of Cast iron no.3 measured by Setup I configuration is depicted
in the Fig. 5.1. According to the NIST database, only eighteen emission lines of C I
in the 200-900 nm range should be observable. The most prominent lines are at the
wavelengths 247.9 nm and 833.5 nm. The upper portion of the spectrum in Fig. 5.1
shows a strong line at the position of 247.9 nm, which ought to be the C I 247.9
nm emission line. Nevertheless, the intensity of this line does not correlate with
C concentration of the studied samples. It turned out that the intensity correlates
with the iron concentration. Another prominent emission of carbon might have been
observed at the 833.5 nm (see lower portion of the Fig. 5.1) One can see that the
C I 833.5 emission line was not exited at all. We checked all the lines of C I in the
range from 200 nm to 900 nm, but no emissions of C were observed. Therefore,
either no carbon lines were exited, or they interfered with stronger iron lines and
thus no useful information of the carbon concentration in iron matrix was visible.
The experiment was done in ambient atmosphere of helium with the pressure of
950 mbar, the energy of laser pulse was 20 mJ and gate delay was 2µs.
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5.2 Analysis in the VUV spectral range
This research aims mainly at investigation of carbon, sulphur and phosphorus con-
centration in steel because those must be necessarily investigated in the VUV.




















































































































Fig. 5.2: spectrum in VUV of Cast iron no.3 (green), stainless steel C1 (blue), and
low alloyed steel PT-61 (red).
Spectra of the cast iron no.3, the stainless steel BAM C1 and low alloy steel PT-
061 were measured in order to distinguish the emission lines in VUV (see Fig. 5.2).
Since the chemical composition of those ferrous alloys are quite distinct from each
other, the emissions can be easily recognized. For instance, a cast iron has in
general high concentration of C as well as Si so that the intensities of the corre-
sponding lines (i.e. C I 193.1 nm, Si I 184.8 nm) are higher. On the other hand,
a stainless steel comprises significant portion of Cr and thus the emission lines of
Cr (e.q. Cr II 205.6 nm) are very intense. The Fig. 5.2 also shows the position of
P I 178.28 nm and S I 180.73 nm, which, however, are not visible. Most likely, they
were not be excited due to inappropriate experimental conditions (i.e. gate delay,
pulse energy) for these emissions or because the LODs for S and P were not low
enough. The list of appropriate emissions for further analysis are in Tab. 1.1.
The most prominent line of C is at the wavelength of 193.1 nm. We found that
the intensity of this line does not correlate with the concentration of the C content
in top layers of the sample. Fig. 5.3 shows that the intensity is not invariable over
the layers although the surface of the sample was carefully polished and cleaned
prior to the measurement. The intensity reaches its maximum in a few first pulses
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Fig. 5.3: The intensity of C I 193.1 nm emission line depending on the laser pulse
order. The shaded areas show the error of the measurements.
and then rapidly decrease. The falling of the intensity gradually slow down and the
value of intensities slowly approaches an asymptote. It has been quite surprising
that similar evolution was not observed for other emission lines in a spectrum.
We observed that the correlation between the intensity of C I 193.1 nm and
the concentration of C is better when the measured intensities are closer to the
asymptote. The correlation is shown in Fig. 5.4. The calibration curve in the
left portion of this figure is made up of first ten measurements (first ten pulses, i.e.
upper layers of the sample). One can see that there is a poor correlation. The second
calibration curve in the middle of the Fig. 5.4 discards the first 30 measurements and
thus the correlation rapidly increases. The last calibration curve in the right portion
of the Fig. 5.4 that achieved the best correlation, takes in account only the last ten
measurements. Therefore, it turns out that the better results can be achieved by
the higher number of initiate pulses before measurement. In fact, this approach of
hight number of initiate pulses was applied in papers devoted to steel analysis [5].
However, the phenomenon concerning behaviour of the C I 193.1 nm emission line
was not explained, as far as we know.
The LOD was computed from the curves of growth in Fig. 5.4 according to the
theory examined in chapter 1.4. All values are written in the respective graph of
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Fig. 5.4: Curve of growth of the sample
the calibration curve. The samples were measured by two maps, placed each in a
different portion of the sample, that comprise each 5 × 5 points. Every point was
measured one hundred times so that the dataset comprised 2500 spectra for each
sample. For every measurement in this section, the gate delay was 3.2 µs and the
gate time was 50 µs. The energy of the laser was reduced by optical attenuator
down to the value of 50 mJ. All samples were measured in ambient atmosphere
comprised pure argon with the pressure of 950 mbar. Prior to the calibration curve
determination, the dataset was normalised to the intensity of the emission line of
Fe II 187.75 mm.
5.2.1 Spectral outliers filtering using PCA
Principal component analysis (PCA) approach was used for spectral outlier filter-
ing in order to reduce errors of the measurements in the calibration curves. The
principles of PCA were discussed in chapter 1.4.3.
The data were prepared the same way as in the previous investigation. I.e. last
ten measurements of individual points among the 5 × 5 map were separated and
normalised to the intensity of the Fe II 187.75 mm emission line. The range of
wavelengths of every measurement was reduced to the range of 185-210 nm and
then, the PCA using SVD (Singular-value decomposition) algorithm performed by
Matlab was computed.
The first three components of Loadings and Scores representing over 99 % of
the overall information, are depicted in Fig. 5.5 and Fig. 5.6, respectively. The first

















































































































































































Fig. 5.5: PCA Loadings of the normalised dataset comprised by five steel samples
and labelled emission lines that are responsible for the extraordinary positions of
the clusters in the Scores plot
Therefore, values of PC 1 for every cluster are similar since the concentration of Fe
in every steel sample is similar as well. The second and the third component do not
contain as intense Fe emissions as the first component (see lower portion of Fig. 5.5).
They are rather associated with the concentration of carbon and chromium. Hence
the second and third component already distinguish the clusters according to the
individual samples (see Fig. 5.6), since the concentration of C as well as Cr signifi-
cantly varies over the samples.
Another important information given by Scores is the spread of the individual
measurements. One can see in Fig. 5.6 that the points of BAM SUS-1 R sample
are more scattered than the measurements of other samples. We found the same
observation by the standard deviations in the curves of growth in Fig. 5.4. Moreover,
the measurement of the BAM SUS-1 R produced obvious outlier represented by the
isolated point in the Scores plot.
The coordinates of the center of each cluster was found by the median computed
from values of the three components corresponding to the respective cluster. Then,
the 40 points nearest to the center (16% of the original dataset) were isolated and
other measurements for every cluster were discarded from the dataset. The new
filtered dataset was processed from which the curve of growth was evaluated. The
new curve of growth is depicted in Fig. 5.7. One can see that the standard deviation
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Fig. 5.6: PCA Scores of the normalised dataset comprised by five steel samples
of every sample was reduced, though the coefficient of determination is not as good
as in the curve of growth prior to the filtering.
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Fig. 6.1: Proposed concept for the next iteration that replaces the STU by the
flexible element.
The mechanics of VUV module was completed without significant trouble and
all requirements concerning the accuracy, vacuum compatibility, etc., were satisfied.
However, several complications, as well as hints for the improvement, arose during
the assembling. Those are summarized as follows.
• The adjustment shaft got stuck when a housing, that guides and seals the
shaft, was tightened. It occurred, because the geometrical tolerances of the
flange (i.e., parallelism, perpendicularity, and flatness) were not as precise as
expected and thus the clearance between the shaft and the housing (H7/g6)
was not big enough. This issue was solved by a hole drilled in the housing,
that provided with the higher clearance (more than 0.1 mm)
• A mounting jig would facilitate the assembling. This jig would hold the shaft
of the guided unit during the installation and also enable to adjust the amount
of the springs (S5) compression.
• The movement in Z direction controlled by union nut was quite tough, meaning
one needed to make a lot of force in order to turn the union nut. Most likely,
it is caused by the key scraping against the keyseat that is milled across the
thread in the shaft. It might be solved by another shape of either the key or
the keyseat.
• Master translation units (MTU) worked smoothly but the functioning of Slave
translation units (STU) was not as smooth as expected and hence a stronger
compression springs must have been used. It shall be appropriate in next
iteration to consider another concept of STU. For instance, they could be
replaced by a flexible element such as sheet metal pressing against the Guided
unit (GU). This concept is shown in Fig. 6.1. The deformation variation
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of such a flexible element shall be relatively small and thus the forces will
be approximately the same in any position of the mechanism. This might
make the functioning of the entire mechanism smoother. Furthermore, the
mechanism might be more precise in this case because deformations of the
parts would be negligible if the forces were rather small.
The issue concerning the higher intensities of the C I 193.1 nm emission line
from the plasma on the top layers of the sample was not satisfactorily explained.
This behavior is depicted in Fig 5.3. Obviously, either the top layers contained
higher concentrations of C or the properties of the plasma were changing during
the measurement. Possibly, if the plasma was excited in the crater deepened by the
laser pulses, the plasma would change its properties due to this cavity and thus the
proportion of the intensities between the emission lines among the spectrum would
change. However, this theory does not explain the questions: Why is not there any
correlation between the intensities and the concentration at the beginning of this
measurement, and why does that behavior occur only for the C I 193.1 nm emission
line? These questions shall be a topic of further investigation in the future.
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7 Conclusion
This diploma thesis’ aim was an investigation of light elements in ferrous alloys using
Laser-Induced Breakdown Spectroscopy (LIBS). The particular task was concerned
with the development and implementation of a new module into the device serving
for LIBS analyse in the Laboratory of laser spectroscopy in Brno. The module would
enable a spectral analysis of the wavelengths below 200 nm which is necessary for
both the steel analysis and many more applications of LIBS.
The first part of this thesis deals with the theoretical background in which the
basics of optical emission spectroscopy (OES) and some traditional techniques of
steel analysis were outlined. This part also aimed to investigate and sort the theory
about the absorption of vacuum ultraviolet (VUV) radiation by the air and optical
glasses, which was essential for the development of the module.
An introduction of the proposed concepts was described in the second part.
Subsequently, an experimental module was designed, assembled and tested in the
interaction chamber in order to put the concept to the test and to reveal some hidden
challenges concerning the analysis in the VUV.
According to the results that arose from the testing of the experimental module,
the second iteration of the module was proposed in the third part. This final module
was based on the unique wedge mechanism enabling the collection lens to be precisely
adjusted in three axes. The lens is placed inside the chamber and collects the
plasma radiation. Finally, the module was made up in cooperation with an external
manufacturer.
The last part of this thesis concerned experimental measurements of five steel
samples in order to demonstrate the performances of the final module. The measured
spectra were processed and interpreted by the standard calibration curves and the
chemometrics including the principal component analysis (PCA) approach. The
limit of detection (LOD) for carbon was estimated as 0.028 wt%, which is worse in
comparison with other research works concerned with the carbon determination in
steel (i.e. better than 10 µg/g [6]). However, there is plenty of room for improvement
because a comprehensive optimization of the experimental conditions has not been
carried out so far.
All goals were satisfied in this thesis although several questions remained unan-
swered. Particularly, we could not explain the behavior of the carbon emission
during the analysis. The comprehensive study is going to be necessary to figure this
issue out. Both this issue and the optimization of the experimental conditions for
steel analyse shall be the incentives for a future work.
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List of symbols, physical constants and abbre-
viations




𝑁 number of illuminated grooves
𝑅 Avogadro constant
𝑅e yield stress
𝑠 intersection length of a paraxial ray in the object space
𝑠′ intersection length of a paraxial ray in the image space











AAS Atomic Absorption Spectroscopy
AES Atomic Emission Spectroscopy
BUT Brno University of Technology
DDG Digital Delay Generator
DISB Digital Image Sensor Board
FWHM Full Width At Half Maximum
GU Guided Unit
HU Horizontal Unit
LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry
LIBS Laser-Induced Breakdown Spectroscopy
LOD Limit of Detection
MTU Master Translation Unit
OAS Optical Absorption Spectroscopy
OES Optical Emission Spectroscopy
PCA Principal Component Analysis
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PMT Photomultiplier Tube
SD-OES Spark-Discharge Optical Emission Spectroscopy
SHS Spatial Heterodyne Spectrometer
STU Slave Translation Unit
SVD Singular-Value Decomposition
UV-VIS-NIR Ultraviolet-Visible-Near Infrared radiation
VUV Vacuum Ultraviolet radiation
XRF X-ray fluorescence spectroscopy
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A Results of dynamic simulation from MSC
ADAMS




















Displacement in the respective time
d = -0.35t3 + 1.25
d = 0.35t3 - 3.96t2 + 13.54x - 12.15
d = 2.4
Fig. A.1: Positioning of mechanism in MSC ADAMS. The step function determined
by cubic polynomial was used
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Master Translation Unit: Centeral ball - Wedge 
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.2: Magnitude of force in the contact between the central ball and the wedge
in MTU in a varied positions and directions of movement among the mechanism.
The ↑ and ↓ stands for increasing and decreasing displacement, respectively

















Master Translation Unit: Right ball - Wedge
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.3: Magnitude of force in the contact between the right ball and the wedge in
MTU in a varied positions and directions of movement among the mechanism. The
↑ and ↓ stands for increasing and decreasing displacement, respectively
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Master Translation Unit: Left ball - Wedge
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.4: Magnitude of force in the contact between the left ball and the wedge in
MTU in a varied positions and directions of movement among the mechanism. The
↑ and ↓ stands for increasing and decreasing displacement, respectively















Wedge of Slave Translation Unit - Slider
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.5: Magnitude of force in the contact between the wedge of STU and slider in
a varied positions and directions of movement among the mechanism. The ↑ and ↓
stands for increasing and decreasing displacement, respectively
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Slave Translation Unit: Centeral ball - Wedge
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.6: Magnitude of force in the contact between the central ball and the wedge
in STU in a varied positions and directions of movement among the mechanism.The
↑ and ↓ stands for increasing and decreasing displacement, respectively














Slave Translation Unit: Right ball - Wedge
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.7: Magnitude of force in the contact between the right ball and the wedge in
STU in a varied positions and directions of movement among the mechanism. The
↑ and ↓ stands for increasing and decreasing displacement, respectively
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Slave Translation Unit: Left ball - Wedge
# z = +5 mm, x = +1.2 mm
" z = +5 mm, x = +1.2 mm
# z = -5 mm, x = +1.2 mm
" z = -5 mm, x = +1.2 mm
# z = -5 mm, x = -1.2 mm
" z = -5 mm, x = -1.2 mm
# z = +5 mm, x = -1.2 mm
" z = +5 mm, x = -1.2 mm
# z = 0 mm, x = 0 mm
" z = 0 mm, x = 0 mm
Fig. A.8: Magnitude of force in the contact between the left ball and the wedge in
STU in a varied positions and directions of movement among the mechanism. The
↑ and ↓ stands for increasing and decreasing displacement, respectively
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C List of attached technical drawings
Title Part number paper size
Těsnící vložka V-02658 A4
Klín V-02639 A3
Justážní hřídel V-02630 A4
Hřídel horizontální jednotky V-02620 A3
Příruba universálního vstupu-výstupu V-02617 A2
83
